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INTRODUCTION 


1 . \  Background 

The  work  begun  in  1980-81  by  Steve  Drouilhet  is  currently 
being  extended  by  the  writer J  The  primary  objective  of  the 
work  is  to  evaluate  the  performance  of  an  air  to  air  variable 
conductance  heat  pipe  heat  exchanger  (VCHPHX).  This  type  of 
heat  exchanger  is  of  particular  interest  to  the  commercial 
aircraft  industry  because  of  its  unique  control  system.  The 
results  from  this  research  will  help  to  provide  the  engineer 
with  experimental  data  necessary  to  design  a  full  scale 
prototype  heat  exchanger  to  be  tested  insitu. 

1 .2  Scope  of  Work 

Two  heat  exchangers  of  the  type  mentioned  above  have  been 
supplied  by  the  contractor.  The  heat  exchangers  are  to  be 
mounted  in  a  test  stand  and  instrumented  for  performance  ana¬ 
lysis.  These  tests  should  document  not  only  the  absolute  per¬ 
formance  in  terms  of  effectiveness,  but  they  should  also  be 
sufficient  toevaluate  the  dependant  variables  in  both  a 
qualitative  and  a  quantitative  way.  At  present,  little  is 
known  about  the  VCHPHX.  Because  of  this,  the  question  of 
why  something  happens  often  arises  during  the  analysis. 
Answering  this  question  may  be  the  most  important  contribu¬ 
tion  of  this  work.  Explanations  which  can  be  made  using  con¬ 
ventional  heat  pipe  theory  or  a  modified  version  of  it  will  be 
provided  with  the  hope  of  future  usefulness  to  the  engineer. 


THE  VARIABLE  CONDUCTANCE  HEAT  EXCHANGER 

The  prototype  heat  exchanger  which  is  the  subject  of  this 
work  is  an  air  to  air  heat  exchanger.  The  novelty  of  the  design 
isthat  heat  transfer  is  not  the  typical  stream  to  stream  heat 
transfer  across  a  plate  or  a  tube  wall.  Instead,  heat  is  trans¬ 
ferred  to  a  finned  evaporator  and  from  a  finned  condenser  via 
a  heat  pipe.  A  simple  arrangement  for  this  type  of  heat  ex¬ 
changer  is  shown  in  figure  1.  The  variable  conductance  heat 
pipe  is  to  the  condenser  fins  a  heat  source  and  to  the  evapor¬ 
ator  fins  a  heat  sink.  Since  heat  transferred  from  the  evapor¬ 
ator  to  the  condenser  must  be  conducted  via  the  heat  pipe,  a 
variable  conductance  heat  pipe  means  a  variable  conductance 
heat  exchanger.  This  is  the  principal  advantage  of  the  var¬ 
iable  conductance  heat  pipe  heat  exchanger,  the  ability  to 
modulate  power  transfer  independant  of  stream  inlet  condi¬ 
tions.  The  two  types  of  heat  exchangers  may  be  model ized  using 
the  electrical  circuit  analogy  as  shown  in  figure  2.  Note  that 
for  the  conventional  heat  exchanger  the  various  resistances  are 
essentially  fixed,  preventing  current  (heat  flow)  modulation 
for  a  fixed  voltage  (temperature  difference).  However,  the 
VCHPHX  analog  has  one  variable  resistance,  that  of  the  heat 
pipe;  consequently,  power  modulation  is  possible  for  a  fixed 
voltage. 

The  VCHPHX  relies  on  mainly  two  technologies;  finned  tube 
heat  exchanger  technology  and  variable  conductance  heat  pipe 
technology.  While  the  former  is  well  understood  and  charac¬ 
terized  from  years  of  use,  the  latter  is  relatively  new.  Indeed 
the  VCHP  based  on  liquid  reservoir  temperature  control  is  at 
this  stage  purely  experimental. 
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While  the  principal  ofjective  of  this  work  is  performance 
evaluation,  the  opportunity  to  add  to  what  is  known  about  the 
VCHP  is  obvious.  The  data  gathered  for  performance  analysis 
is  useful  for  exploring  VCHP  operation  as  will  be  shown  later 
in  Chapter  6. 


3.  EXPERIMENTAL  FACILITY 
3.1  The  Test  Stand 


The  prototype  heat  exchanger  is  mounted  in  a  stand  which 
furnishes  2  streams  of  air  at  varying  temperatures  and  mass  flow 
rates.  Figures  3A  and  3B  illustrate  the  arrangement  of  the 
components.  Power  from  the  heated  evaporator  stream  is  trans¬ 
ferred  to  the  cooler  condenser  stream.  The  power  transferred  is 
varyable,  depending  on  the  inlet  stream  conditions  and  the  res- 
evoir  temperatures.  The  stream  inlet  conditions  may  be  varied 
as  follows: 

Condenser 

Temperature  29-35  C 

Mass  Flow  Rate  0-.1  KG/sec 

Evaporator 

Temperature  45-150  C 

Mass  Flow  Rate  0-.1  KG/sec 

The  reservoir  temperature  may  be  adjusted  within  the  following 
range: 

Reservoir 

Temperature  16.7-90  C 

3.2  The  VCHPHX 

The  heat  exchanger  consists  of  16  vertical  heat  pipes 
arranged  into  4  rows  of  4  heat  pipes  each.  The  condenser  region 
and  the  evaporator  region  of  the  heat  exchanger  is  fitted  with 
aluminum  fins  to  provide  an  extended  surface  for  heat  transfer. 
Each  row  of  4  heat  pipes  is  gathered  to  a  common  liquid  reservoir 
There  are  4  reservoirs.  Each  of  f'e  liquid  reservoirs  is  fitted 
with  a  Peltier  cell  to  t  h  or  cool  the  liquid  within  the 
reservoir.  A  simple  aluminum  channel  with  aluminum  honeycomb 
within  serves  as  either  heat  sink  or  heat  source  for  the  Peltier 
cells.  The  condenser  air  stream  is  induced  through  the  channel. 
Refer  to  figures  4  and  5  for  details. 
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Heat  exchanger  dimensions  are  given  in  Appendix  B.  Pro¬ 
perties  of  the  heat  pipe  working  fluid  are  also  included  in  this 
appendix. 


Measurements  and  Consequent  Instrumentation 


Evaluating  the  performance  of  the  heat  exchanger  system  is 


a  task  which  requires  the  information  gained  from  a  first  law 


analysis  of  the  system.  The  system  may  be  divided  into  the 


following  4  sysbystems: 


1 .  Condenser 

2.  Evaporator 

3.  Reservoirs 

4.  Peltier  Cooler 


Evaluating  these  individual  sybsystem  performances  requires  a 
first  law  energy  balance  for  each.  The  measurements  taken  by 
the  writer  provide  sufficient  data  to  make  a  first  law  analysis 
of  the  system  as  a  whole;  direct  measurement  of  the  subsystem 
performances  is  not  practical  and  so  these  performances  are  ob¬ 
tained  indirectly  when  required. 

The  measurements  recorded  to  obtain  a  first  law  analysis 
on  the  system  are  listed  in  Table  1  below.  An  annotated  sketch 
of  the  system  with  state  points  is  also  provided,  figure  6. 

It  is  now  possible  to  write  the  first  law  energy  balance  for  the 
entire  system: 

P.  +  P  +P,+P  +P  =0  ( 

cond  evap  cooler  elect  convection 

Note  that  a  fifth  term  appears  in  equation  (1)  above  which  is 

not  obtained  by  direct  measurement. 


Table  2  Parametric  Measurements 

Measurement _ Transducer 

Reservoir  Temperature 

Row  1  Single  T/C 

Row  2 
Row  3 

Row  4  " " 

Ambient  Temperature  "" 


Having  described  the  various  measurements  which  were  rec¬ 
orded,  the  instrumentation  will  now  be  detailed.  Please  see 
figures  7  and  8.  The  two  fundamental  quantities  measured  are 
temperature  and  pressure.  The  measurement  chains  for  each  are 


deficted  in  figures  7  and  8.  A  typical  first  law  analysis  is 
made  by  the  computer  once  the  heat  exchanger  system  has  reached 
steady  state.  The  sequence  of  operations,  transducer  scan/ 
calculations/printout,  is  completed  in  about  90  seconds. 
Appendix  A  contains  a  listing  of  the  BASIC  program  which  was 
written  to  accomplish  the  data  acquisition  and  to  perform  the 
first  law  calculations.  A  sample  printout  is  also  included  in 
this  appendix. 


4  TESTING  PROCEDURE 


Since  the  primary  emphasis  of  this  work  is  to  evaluate  heat 
exchanger  performances,  the  testing  program  must  document  the 
behavior  of  the  heat  exchanger  over  a  wide  range  of  operating 
conditions.  While  one  might  propose  a  large  number  of  tests 
(ie.  operating  conditions),  it  is  clear  that  limiting  cases  will 
be  of  upmost  importance.  Once  these  limits  are  established,  the 
work  of  filling  in  the  "holes”  in  the  data  can  be  carried  out 
in  a  logical  way. 

Remembering  that  two  VCHPHX  are  to  be  tested,  the  difference 
between  the  two  is  now  discussed.  The  first  configuration  is  as 
shown  thus  far,  with  the  reservoirs  located  at  the  bottom.  The 
second  configuration  has  reservoirs  located  at  the  top.  The 
reason  for  this  design  variation  is  easily  understood.  Reservoirs 
located  at  the  bottom  are  physically  nearest  the  hot  evaporator; 
this  configuration  favors  the  case  of  heated  reservoirs.  Res- 
evoirs  located  at  the  top  favors  the  case  of  cooled  reservoirs. 

In  each  case,  heat  flows  via  conduction  in  the  heat  pipe  wall  to 
either  help  or  to  hinder  the  reservoir  temperature  control  system. 
From  this  point  on  the  writer  will  refer  to  the  two  configura¬ 
tions  as  the  L  prototype  for  lower  reservoirs  and  the  U  prototype 
for  upper  reservoirs. 

The  parameters  which  may  be  varied  during  the  tests  are; 


MR 

Mass  Ratio  (m^  /  m^) 

MRT 

Mean  Reservoir  Temperature 

(C) 

^ei 

Temperature  at  the  evaporator 

inlet 

(C) 

T.,- 

Temperature  at  the  condenser 

inlet 

(C) 

Since  documenting  the  limiting  cases  is  the  first  goal  for  the 
performance  tests,  the  writer^  idea  of  a  limiting  case  is  defined: 

A  limiting  mode  of  operation  has  been  reached  when  the 

effects  of  the  control  system  cease  to  modify  the 

behavior  of  the  heat  exchanger. 

A  limiting  case  is  thus  a  loss  of  controlabil ity.  This  loss  of 
control  will  be  reached  at  either  extreme  of  heat  exchanger  op¬ 
eration.  Operating  points  exist  at  which  for  given  air  inlet 
cpmditions,  a  maximum  power  transfer  is  achieved  and  at  which 
a  minimum  power  transfer  is  achieved.  The  range  between  these 
two  operating  points  constitutes  the  range  of  control  ability. 

There  is,  however,  a  catch  to  this  line  of  reasoning.  Note  that 
the  limits  of  controlabil ity  depend  on  the  air  inlet  conditions 
and  perhaps  the  mass  flow  ratio.  Bearing  this  in  mind,  a  salient 
point  comes  to  light.  Understanding  the  reasons  for  the  existance 
of  the  limits  can  lead  to  better  heat  exchanger  design  and 
therefore  they  should  be  evaluated.  With  this  information  the 
experimenter  can  provide  the  designer  with  an  important  tool, 
that  of  prediction. 

Determination  of  the  limiting  cases  establishes  the  range 
of  testing  possible.  Data  gathered  over  this  interval  must  be 
sufficient  to  describe  the  response  of  the  heat  exchanger  when 
the  control  parameters  are  varied.  The  following  chapters  will 
propose  reasons  for  control  ability,  so  at  the  present  the  writer 
admits  only  that  modulation  of  the  mentioned  parameters  does 
control  power  transfer  within  limits.  In  the  proposed  application 
the  single  control  parameter  will  be  the  reservoir  temperature. 


Mass  flow  ratio  and  inlet  temperatures  will  not  in  general  be 
modulated. 


1.  Cool  or  heat  each  reservoir  equally.  This  amounts 
to  providing  equal  power  to  each  Peltier  cell. 

2.  Cool  or  heat  each  reservoir  independently. 


The  merits  of  each  approach  have  been  evaluated  for  the  L  prototype. 
Only  the  former  approach  has  been  evaluated  for  the  U  prototype. 


5  TEST  RESULTS 

5.1  Control  Via  Variable  Peltier  Cell  Power 

Both  the  U  and  The  L  prototypes  were  tested  using  this  mode 
of  control.  For  a  given  set  of  stream  inlet  conditions,  the  range 
of  control  ability  was  determined.  Operation  within  this  band 
provided  ample  data  to  characterize  a  broad  linear  range  of 
control  for  each  of  the  heat  exchangers. 

Figures  9  and  10  depict  the  control abi 1 ity  of  the  L  and  U 
prototypes.  The  graphs  were  produced  using  the  following  method: 

1.  The  heat  exchanger  was  allowed  to  come  to  equilibrium 
for  the  given  set  of  stream  inlet  conditions  with  no 
Peltier  cell  power  (the  reservoirs  being  well  insulated 
from  the  surroundings) 

2.  This  equilibrium,  zero  Peltier  cell  power,  average 
reservoir  temperature  is  plotted  as  a  vertical  line 

3.  The  system  was  forced  from  equilibrium  by  providing 
Peltier  cell  power. 

The  abcissa  can  be  thought  of  as  a  figure  of  merit.  The  units, 
degrees  C  per  watt  reflect  the  mean  reservoir  temperature  change 
from  2)  above  per  watt  of  control  power.  Since  the  power  trans¬ 
ferred  from  the  evaporator  to  the  condenser  is  a  function  of 
mean  reservoir  temperature,  the  larger  the  figure  of  merit,  the 
better.  Note  the  broad  linear  range  of  evaporator  power  versus 
mean  reservoir  temperature.  This  linear  control  range  is  a 
desirable  feature  from  the  standpoint  of  automated  control. 

The  condenser  power  curves  for  each  heat  exchanger  exhibit  dif¬ 
ferent  behaviors  at  the  limits  of  controlability.  The  U  proto¬ 
type  has  clear  asymptotic  values  at  either  extreme  while  the  L 
prototype  is  essentially  linear  throughout  the  achievable  range 
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of  reservoir  temperatures.  For  the  Uprototype,  operating  points 
are  reached  after  which  increasing  or  decreasing  mean  reservoir 
temperature  has  no  discernable  effect.  Clearly,  limits  have 
been  reached  which  are  unalterable  by  the  control  system.  These 
limits  must  have  arisen  due  to  heat  exchanger  failure  of  some 
sort.  The  L  prototype  does  not  reach  these  limits  for  the  stated 
operating  conditions.  One  might  argue  why  this  occurs,  but 
figure  it  points  out  an  identical  behavior  to  the  U  prototype  at 
the  upper  limit.  Note  that  the  inlet  stream  conditions  have 
been  changed  in  order  to  obtain  this  graph.  It  was  not  possible 
to  illustrate  the  lower  asymptotic  extreme  for  the  L  prototype, 
but  its  existence  is  well  indicated. 

5.2  Control  By  Selective  Reservoir  Heating 

The  U  prototype  heat  exchanger  performance  was  evaluated  while 
selectively  heating  the  reservoirs.  If,  for  instance,  reservoir  1 
was  heated,  then  reservoirs  2,3,  and  4  were  cooled.  Peltier  cell 
power  was  held  constant  at  12  watts  total  for  the  4  cells.  Figure 
3  explains  the  reservoir  numbering  scheme  while  Table  3  contains 
the  data  from  9  of  the  possible  16  combinations. 

From  the  data,  it  is  clear  that  each  of  the  4  reservoirs  has 
a  unique  effect  on  performance  when  heated.  Heating  reservoir  4 
achieves  the  greatest  evaporator  power  while  heating  reservoir  1 
achieves  the  lowest.  This  can  be  explained  by  the  placement  of 
the  reservoirs.  Reservoir  4  communicates  with  the  4  heat  pipes  in 
row  4.  This  row  of  heat  pipes  is  located  at  the  evaporator  inlet 
and  is  therefore  exposed  to  the  maximum  stream  temperature.  Thus 
for  a  given  Peltier  cell  power,  row  4  has  the  potential  to  reach 
the  highist  temperature  (  the  data  comfirms  this  line  of  reasoning). 
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Increasing  the  reservoir  temperature  forces  more  working  fluid  to 
enter  the  heat  pipe;  an  increase  of  the  average  thickness  of  the 
liquid  profile  within  the  wick  results.  Pumping  losses  within 
the  liquid  are  reduced  and  more  power  is  transferred. 

Is  this  mode  of  control  sufficient.  The  writer  thinks  not. 
While  the  heat  exchanger  does  admit  to  control  by  selective  res- 
evoir  heating,  the  discrimination  is  poor.  Note  that  while  the 
range  of  control abi 1 ity  is  as  good  as  for  the  alternate  mode  of 
control,  the  ability  to  provide  smooth  evaporator  power  modulation 
is  lacking.  Indeed,  the  maximum  number  of  power  increments  is 
limited  to  16.  Were  these  16  increments  evenly  distributed  this 
mode  of  control  might  be  feasable.  Since  they  are  not,  the  hope 
for  control  soley  by  resevoir  selection  is  remote.  This  mode  of 
control  may,  however,  be  important  in  order  to  augment  the  al¬ 
ternate  mode. 

5.3  Practical  Considerations 

The  most  outstanding  difference  between  the  two  prototypes 
is  the  turn  down  ratio  which  the  writer  defines  as  follows: 

TDR  =  Max  Condenser  Power/Min  Condenser  Power  (2) 

From  a  practical  standpoint,  this  quantity  is  very  important; 
indeed,  maximizing  this  ratio  was  the  motivation  behind  testing 
both  the  L  and  the  U  prototypes.  From  figures  9  and  10,  the  U 
prototype  has  a  TDR  of  about  10  while  the  L  prototype  has  a  TDR 
of  about  3. 

A  second  practical  consideration  is  identified  by  the  fol¬ 
lowing  ratio: 

CPR  =  Condenser  Power  /  Peltier  Cell  Power  (3) 

This  control  power  ratio  (CPR)  relates  the  "cost  of  control". 
Clearly,  one  would  like  to  effect  control  with  the  smallest 


possible  control  power.  That  is  to  say  that  the  CPR  should  be 
maximized.  Since  the  condenser  power  is  controlled  largely  by 
the  mean  reservoir  temperature,  the  plot  of  reservoir  temperature 
versus  Peltier  cell  power  indicates  the  ease  of  control  (see 
figures  12  and  13).  Ideally  both  prototypes  should  have  equal 
condenser  powers  for  equal  mean  reservoir  temperatures  at  a 
given  set  of  operating  conditions.  This  is  not  true  in  the  pre¬ 
sent  case;  the  reasons  for  this  may  include  different  quantities 
of  working  fluid  in  the  pipes.  Reference  to  figure  14  allows  one 
to  evaluate  the  cost  of  control  for  each  of  the  prototypes. 

Noting  the  heated  reservoir  case,  the  CPR  is  noticeably  better 
for  the  upper  reservoir  configuration.  Indeed,  the  U  prototype 
minimum  condenser  power  is  the  equilibrium  temperature;  hence  no 
U  prototype  curve  is  plotted  for  the  case  of  cooled  reservoirs. 
This  point  is  a  valuable  one  to  note  since  a  simplification  of 
the  control  system  results. 

5.4  Transient  Response 

The  transient  response  of  both  prototypes  was  evaluated  by 
making  a  step  change  in  Peltier  power  and  then  recording  the 
following  variables  versus  time: 

1.  Mean  reservoir  temperature 

2.  Evaporator  power 

3.  Evaporator  effectiveness. 

This  data  is  presented  on  figures  17,18,  and  19.  Noting  figures 
17  and  18,  it  is  clear  that  the  response  of  the  U  prototype  is 
superior  to  the  response  of  the  L  prototype.  The  explanation 
for  this  seems  to  be  simply  the  details  of  each  liquid  reservoir 


design  (see  figure  20).  Transfer  of  heat  with  the  reservoir  is 
across  the  two  resistances  shown.  In  the  case  of  the  U  prototype 
Rc  is  smaller  than  for  the  L  prototype.  This  is  because  the 

thickness  of  the  fluid  layer  is  less  for  the  U  prototype  than  for 
the  L  prototype.  The  end  result  is  that  reservoir  temperature 
can  be  changed  more  quickly  for  the  Uprototype  than  for  the 
L  prototype  (note  that  swings  in  evaporator  power  and  evaporator 
effectiveness  "follow"  swings  in  the  mean  reservoir  temperature). 
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6  ANALYSIS  OF  TEST  RESULTS 
6. 1  Objectives  of  Analysis 

The  objective  of  this  section  is  to  attempt  to  answer  the 
following  question: 

Why  does  the  VCHPHX  admit  to  control  via  varying  the 
liquid  reservoir  temperature? 

There  is  no  apriori  reason  for  this  experimentally  observed  fact. 
Indeed,  when  one  considers  the  governing  equation  for  power 
transfer  in  conventional  heat  pipes,* 


-  f  2.^  < 

I 


cos© 


(4) 


it  can  be  shown  that  decreases  with  increasing  temperature 

of  the  heat  pipe  working  fluid.  At  this  point  it  becomes  obvious 
that  special  circumstances  must  account  for  what  the  experimenter 
observes. 

6.2  Heat  Pipe  Theory 

Heat  pipe  operation  depends  on  the  flow  of  working  fluid 
within  a  capillary  structure  to  the  evaporator  and  a  subsequent 
return  of  the  vapor  to  the  condenser.  The  equation  given  above 
is  derived  from  the  following  pressue  balance: 


Net  Capillary  Head  =  Liquid  Pressure  Drop 

+Vapour  Pressure  Drop 

^Body  Force  Head  (5) 

The  vapor  pressure  drop  is  usually  negligible  and  the  equation 

becomes: 


Net  Capillary  Head  =  Liquid  Pressure  Drop 

+Body  Force  Head 


(6) 


akV«aeh3t 


-  18  - 


The  capillary  head  is  generated  by  the  wick  through  which  the 
liquid  flows.  It  is  a  surface  tension  effect  and  for  single 
layer  screen  mesh  wicks  is  equal  to: 


dijtilldry  "tEff 


—  2  V  cose 


The  liquid  pressure  drop  in  the  wick  is  given  by  DarcyS  Law, 
essentially  a  definition  for  porosity,  K: 


JF.  ? 


The  body  force  head  is  given  by: 


±  A  3 


From  equations  7,8,  and  9  we  can  begin  to  examine  the  question 
posed  in  the  light  of  conventional  heat  pipe  theory. 

6.3  The  Linear  Range  of  Control 

The  data  presented  in  Chapter  5  showed  that  a  large  linear 
range  of  control  existed  for  the  VCHPHX.  How  can  this  be  ex¬ 
plained  in  the  light  of  the  governing  equations?  If  one  assumes 
a  saturated  wick,  this  fact  cannot  be  explained  by  the  theory. 
Therefore,  the  wick  must  not  be  saturated.  There  are  several 
liquid  profile  models  which  one  might  propose. 
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These  include: 

a) Receeded  linear  liquid  profile  within  the  wick 

b) Receeded  sloped  liquid  profile  within  the  wick 

c) The  step  wick  model ^ 

d) Receeded  curved  liquid  profile  within  the  wick 

Any  one  of  these  possibilities  could  explain  the  behavior  which 
is  observed.  The  net  effect  of  any  of  these  mechanisms  for  liquid 
profile  variation  would  be  to  reduce  the  effective  cross  sect¬ 
ional  area  of  the  wick.  Equation  (8)  shows  that  dP  of  the  liquid 
increases  with  decreasing  For  fixed 

dPbody*  means  that  iti  must  decrease  and  hence  Q  must  decrease. 
6.4  The  Question  of  Limits 

The  asymptotes  which  are  observed  on  the  plot  of  condenser 
power  versus  mean  reservoir  temperature  are  not  so  easily 
explained  in  terms  of  the  conventional  heat  pipe  equations.  Let 
us  consider  first  the  assymptote  at  the  upper  limit.  A  maximum 
condenser  power  is  reached  after  which  elevating  the  resevoir 
temperature  serves  no  purpose.  If  the  previous  mode  of  control 
relied  on  variation  of  the  wick  thickness,  it  is  clear  that  a 
maximum  wick  thickness  must  be  reached  at  some  point.  This  limit 
to  wick  thickness  may  result  from  one  of  the  following  conditions: 

a)  The  wick  is  fully  saturated 

b)  All  the  liquid  in  the  reservoir  has  been  expended. 

Either  of  these  conditions  could  explain  the  upper  limit  on  cond¬ 
enser  power  transfer.  Based  on  the  expected  overfill  of  the 
reservoirs,  the  former  condition  seems  most  likely. 
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The  lower  condenser  power  asymptote  must  result  from  a  heat 
pipe  wick  which  is  starved  for  liquid.  An  important  question  to 
answer  here  is  the  following: 

Does  dryout  occur  along  any  portion  of  the  evaporator? 

A  quantitative  answer  to  this  question  can  be  seen  on  figure  15. 

The  temperature  profile  of  the  air  leaving  the  evaporator  is  a 
good  indication  of  the  onset  of  evaporator  dyyout.  Note  that 
the  reduced  temperature  profile  is  plotted  versus  percent 
evaporator  length.  As  the  reservoir  temperature  is  reduced,  the 
curve  indicates  a  reduced  temperature  profile  which  "climbs"  the 
evaporator  wall  toward  the  condenser.  Since  a  reduced  temperature 
of  unity  indicates  no  heat  transfer  form  the  heat  pipe  in  that 
region,  it  seems  safe  to  assume  that  the  evaporator  has  dried  out 
in  this  region.  This  mode  of  heat  pipe  failure  has  also  been 
observed  by  Chun^.  Granted  now  that  partial  dryout  of  the  evap¬ 
orator  has  occured,  does  this  explain  the  much  reduced  condenser 
power?  Not  to  be  overlooked  is  the  effect  of  dryout  on  the  heat 
exchanger  fin  performance.  As  the  liquid  layer  in  the  evapora- 
tordries  out,  the  ability  of  a  "dry  fin"  to  transport  heat  is 
much  reduced.  This  is  because  heat  which  was  transported  by  the 
condensing  vapor  must  now  be  transported  by  the  heat  pipe  wall, 
a  path  of  much  greater  resistance.  Consider  the  case  of  the  heat 
pipe  wick  and  liquid  as  shown  in  figure  16.  The  liquid  layer  has 
dropped  below  the  first  fin.  The  evaporators  first  fin  is  no 
longer  "wet".  Current  flow  in  loop  A  is  thus  mainly  via  con¬ 
duction  along  the  heat  pipe  wall;  through  resistance  R^, current  i2. 


The  liquid  layer  has  not  dried  out  at  the  second  evaporator  fin. 
Therefore,  heat  transfer  along  this  path  is  mainly  through  resistor 


R^p, current  i3. 


a  film  and  conduction  resistance  combined; 


convection  to  the  surface  of  the  liquid  layer  and  conduction  across 


the  liquid  thickness.  Heat  transfer  along  the  former  path  is 

much  less  than  heat  transfer  along  the  alternate  path  due  to 

Run  being  much  less  than  R  .  This  mode  of  power  transfer  modulation 

nr  C 

wet  fin  /  dry  fin,  seems  to  play  a  major  role  in  VCHPHX  control. 


Figure  15  also  indicates  another  mode  of  control  in  opera¬ 


tion.  Note  that  once  the  entire  evaporator  wall  is  wetted,  the 
liquid  profile  seems  to  thicken  in  an  effort  to  saturate  the  wick. 


About  60%  of  the  heat  exchangers  maximum  power  transfer  is  real¬ 
ized  once  the  wick  is  saturated.  How  can  the  proposed  model 


account  for  the  last  40%?  If  the  various  resistances  R^p  are 
independant  variable  resistors,  then  the  proposed  model  can 
accomodate  this  experimental  observation.  R^p  would  ideally  be 
a  function  of  only  the  liquid  layer  thickness  at  the  fin  in 


question. 


7  CONCLUSIONS 


The  VCHPHX  is  clearly  a  viable  approach  to  the  problem  of 
power  transfer  modulation  in  an  air  to  air  heat  exchanger.  The 
control abi 1 ity  which  results  from  the  use  of  temperature  control¬ 
led  liquid  reservoirs  is  good  when  the  U-prototype  is  considered. 

A  further  strong  point  of  the  U  prototype  is  its  ability  to 
traverse  the  entire  range  of  control abi 1 i ty  without  the  need  for 
reservoir  cooling.  The  broad  linear  control  range  is  ideal  for 
automated  control . 

The  question  of  the  VCHPHX  admission  to  control  by 
variable  reservoir  temperature  is  largely  answered.  The  2  major 
modes  of  heat  pipe-exchanger  failure  which  are  in  operation  seem 
to  be: 

a)  wet  fin  /  dry  fin 

b)  Liquid  layer  recession 

The  incorporation  of  these  failure  modes  into  a  heat  pipe  simulation 

presumes  an  ability  to  predict  the  liquid  profile  which  results 

from  a  given  set  of  heat  pipe  operating  conditions.  This  prediction 

4  5 

is  the  frontier  of  heat  pipe  research  ’  and  is  the  key  to  analytical 
design  of  the  VCHPHX. 


8  DEFINITION  OF  VARIABLES 


2 

A  Area  (m  ) 

C  Centigrade 

K  Porosity 

L  Latent  Heat  (Joules/Kilogram) 

P  Power  (Watts) 

Q  Heat  Rate  (Watts) 

R  Resistance  (m^  C/Watt) 

T  Temperature  (C) 

r  Capillary  Radius  (m) 

c  2 

g  Gravity  (m/sec  ) 

h  Heat  Transfer  Coefficient  (Watts/m^  C) 
Effective  Length  (m) 

111  Mass  Flow  Rate  (Kilograms/sec) 
z  Coordinate  Length  (m) 

I  Angle  of  Heat  Pipe  With  Horizontal  (degrees) 

0  Contact  Angle  of  Working  Fluid  (degrees) 

^  Density  (Kilograms/m^) 

^  Surface  Tension  (Nt/m) 

^  Viscosity  (poise) 

Subscripts 
c  Condenser 

e  Evaporator 
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APPENDIX  B  -  WORKING  FLUID  PROPERTIES 

Property  Data  For  Methyl  Chloride 

3  3 

Liquid  Density  (K/m  )  Vapour  Density  (K/m  ) 


1 

957 . 383863 

6.3563321 

955.737546 

6.6371348 

953.712342 

6. 90*75327 

4 

951.656365 

7. 16yu3li*4 

5 

949 . 6 1 8525 

7. 4224625 

6 

947.597731 

7. 663i6936 

945.592393 

7.9085333 

S 

943.602913 

8.1430112 

Q 

941.626713 

8. 3723269 

18 

939 . 6632 

8.5989 

11 

937.711275 

8.3220951 

12 

935. 1'-bySti 

9. 0432763 

13 

933 - S 373 3 6 

9.2633897 

14 

93 1 . 9 1 4 i 4 1 

9.48385841 

15 

929.997675 

9.7033875 

if: 

928.037347 

9.92516161 

17 

926. 132067 

l0. 1 4924^3 

13 

924.230742 

10.3765032 

19 

922.382284 

10. 6877999 

20 

920.4356 

10.344 

21 

913.5396 

1 1 . 0859631 

•*i  .*1 

916. 693194 

11.3345683 

23 

914.795239 

11, 09016667 

24 

912.894797 

1 1 . 355 1 264 

25 

910. 990625 

12. 1283125 

909 .  GtS  1 683 

12.4125396 

cL  ( 

907. 166331 

1 2.  i’ 0ii'3223 

905.245127 

13.0138752 

29 

903.31^33 

13.3331129 

30 

90 1 . 3764 

13.6659 

31 

y99. 427246 

14.0131011 

•*i  •“» 

y97 . 466773 

14.3755863 

•“t  •”» 

395 . 493303 

14.  i'  04233 1' 

34 

393. 587533 

15. 1498344 

391.506575 

15.5633375 

3£> 

339. 439939 

15.9953776 
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837.456535 

16.4474193 

•T»C* 

335.405271 
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39 

333. 335056 

17. 4133659 

40 

881.2443 

17.9292 

41 

379.133412 

13. 4630941 

42 

376.999302 

19, 0309128 

43 

374.842373 

19,5135207 

44 

372.661549 

20.231 r324 

45 

370 . 464725 

Oi  . 

46 

863.^:'' 1315 

ii!  1  »  -Z  C’  1  cJ  -  b 

47 

’  I 
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844. 135011 

29. 90663136 

57 

841.587163 

8tJ.  9-82u783! 

58 

838. 949633 

31.9952712 

59 

836.271348 

33,0970919 

60 

333.5512 

34.2334 

61 

330. 733104 

35, 4200602 

62 

327. 98097 

36. 6429369 

’.J 

j”i  “iCT  ^  •-ii-t-rr-jc 

Z'CL-Jm  %J  J 

37.9073948 

64 

322. 230221 

39.2157934 

6^* 

319.234425 

40.5675126 

66 

SIS.  290227 

41, 966‘90 1 7 

67 

313.246537 

43.4053304 

6y 

8l0.  152263 

‘t-4  .  0-'4  1  bo  I- 

307.006314 

46',  4297649 

771 

8t33 . 8 '3 1  '  6 

48.  01359011 

71 

400.  !=;5i=i0:4 

49. 6462332 

7*”* 

797.247514 

51.3288239 

7y 

793. 33396 

53.0621513 

74 

790. 463277 

t:i4 .  c;4706S5 

•PC' 

1*  J 

786.934375 

56.6 8 4 437 6 

1’  O 

783.446163 

53.5751297 

•?“? 

1*'  i 

779.847551 

60.  !^200074 

(  C' 

776. 187446 

62.5199353 

79 

772 . 46476 

b  4,0 1  ‘  'Z'  (  ('  8 

80 

768. 6784 

6*t'.  '6 '38  4001 

si 

764.827276 

68. 3536662 

82 

760.910298 

r*  1 . 08 1*  44019 

S3 

756.926373 

■j?  *“•  “j  '7  C  ■  jT.j  C) 

S4 

752.374413 

75 . 72 39 74-6 

85 

748.753325 

78. 1334626 

86 

744.562019 

30.6049173 

1 

740. 299484 

S3. 1392345 

88 

735.96439 

35.7371374 

39 

1  crc:coOj:r 

!38.  399731 

99 

727.0723 

91.1277802 

91 

722.514042 

93. 9219593 

92 

717.873522 

9t..  783373 

93 

713.165143 

99. 7128059 

94 

70S. 372329 

102.711123 

95 

703.500475 

105.779188 

96 

698. 54699;i 

103.917866 

97 

693.51 1299 

1 12. 123021 

98 

6  c*  8 .  -8  y 2 2 9 5 

115.410519 

99 

633. 133392 

113.766224 

1  00 

677 . 9 

122. 196 

Copy  QvaUable  to  DTIC  does  n( 

poisut  fully  legible  lepioductk'n 

facteur  de  compressibilite  [2—3] 


P(bar)  1 


compressibility  factor  [2—3] 


15  0,9858  0,9711  0,9560  09270. 

50  0,9840  0,9726  0;9590  0,9450  0  9308  09030  09872  0,8712 


chaleur  specifique  [4] 

Cp  =  0,193  kcal.kg"'  .K"'  pour  le  gaz  parfait  a  25°C 

viscosite 

(1  atm) 

(multiplier  ces  valeurs  par  10"’  pour  obtenir  des  poises) 


heat  capacity  [4] 

Cp  =  0,193  kcal.kg' ^  .K~ '  for  the  perfect  gas  at  2^C 

viscosity 

(1  atm) 

(multiply  these  values  by  10'^  to  obtain  poises) 


Temperature 

Viscosite 

rci 

(•) 

Temperature 

Viscosity 

0 

9,89 

15 

10,44 

50 

11,73 

100 

13,55 

4  0  L  ■■if  T  ~1'  ^  ^  "t 


(•I  calcul  L'AIR  LIQUIOE 

conductivite  thermique 

(1  atm) 

(multiplier  ces  valeurs  par  10*’  pour  obtenir  des 
cal.cm'*  .s"‘  .K"' ) 


r;  L'AIR  LIQUIOE  calculation 

thermal  conductivity 

(1  atm) 

(multiply  these  values  by  10~^  to  obtain  cal.cm~' .s  '.AC*) 


Temperature 

Conductivite 

(°C) 

(•) 

Temperature 

Conductivity 

0 

2,51 

15 

2.71 

50 

3.19 

100 

3.97 

(•)  calcul  L'AIR  LIQUIOE 

tension  superficielle  [13] 

(interface  liquide-vapeur) 

7  =  16,2  dynes.cm"*  a  20'’C 

indice  de  refraction  [13] 

(raie  0  du  sodium) 

n  =  1,3389  pour  le  liquide  a  20'’C,  P  ~  Pjg^. 

solubilite  [13-14—16] 

•  Dans  I'eau: 

coefficient  de  Bunsen  =  3,17  .)  IG^C 

•  Autrcs  solvents: 

Le  chloromethane  cst  soluble  dans  I'alcool,  I'eiher,  le 
cfiloroforme,  I'acide  aciitique,  I'acotone  et  le  benzene. 


{')  L'AIR  LIQUIDE  calculation 

/o;/ 

surf  ace  tension  !  1 3 !  , 

(liquid -gas  interface)  is- 
7  =  16,2  dynes.cm~'  at  20" C 

refractive  index  1131 

(sodium  D  line) 

n  =  1,3389  for  the  liquid  at  2CfC,  P  ~  P^t- 

solubility  / 13—14—161 

•  In  water: 

Bunsen  coefficient  =  3,1 7  at  I^C 

•  Other  solvents: 

Methyl  chloride  is  soluble  in  alcohol,  ether,  chloroform, 
acetic  acid,  acetone  and  benzene. 


Tioi'oc.'ilcrcmetr.ans 


m  Sul  Vi  cnonae 


ri  .TO; 


Le  monochloromethane  ou  chlorure  de  methyle  on  chloro- 
methane  est  un  gaz  dans  les  conditions  ordinaires  (15°C, 
760  mm  Hg). 

C'est  un  gaz  incolore,  toxique  et  moderement  inflamma¬ 
ble.  II  est  livre  liquefie  sous  sa  propre  pression  de  vapeur 
Les  marques  commerciales  portent  la  reference  R40 

jroprietes  physiques 

Formule  chimique:  CH3CI 
Masse  molaire;  50,488  g.mole"' 

point  triple  [1] 


Methyl  chloride,  also  krtawn  as  chlorome thane,  is  a  gas  in 
normal  atmospheric  conditions  (15'C  and  760  mm  Hg).  It 
is  a  colorless,  toxic,  slightly  flammable  gas.  It  is  shipped  as  a 
liquefied  gas  under  its  own  vapor  pressure. 

Commerica!  brands  carry  the  designation  RAO 


physical  properties 

Formula:  CH3  Cl 

Molecular  weight:  50,488  g.mole~' 


triple  point  [  1] 


Temperature 

Pression 

Chaleur  latente  de  fusion 

(K)  (°C) 

(bar) 

kcal.kg*' ) 

Temperature 

Pressure 

Latent  heat  of  fusion 

175,44  -97,71 

0,0087 

30,44 

I  point  d'ebullition  [1] 
i  (1  atm) 


boiling  point  I II 

(1  atm) 


Temperature 

Chaleur  latente 

Masse  volumique  liquide 

Masse  volumique  vapeur 

(K)  rc) 

(kcal.kg"' ) 

(kg.m'M 

(kg.m-M 

Temperature 

Latent  heat 

Liquid  density 

Cas  density 

249,39  -23,76 

102,3 

1002,9 

2,55 

1  litre  de  liquide  libere  469  litres  de  gaz  (detendu  a  IS^C, 
1  bar) 

point  critique  [1] 


1  liter  of  liquid  liberates  469  liters  of  gas  (expanded  to 
I^C,  1  bar) 

critical  point  1 1 1 


masse  volumique  [1  ] 


Temperature 

Pression 

Masse  volumique 

(K)  ("Cl 

(bar) 

(kg.m"’ ) 

Temperature 

Pressure 

Density 

416,25  143,1 

66,8 

353 

density  [1] 

Temperatu  re 

Presston 

Liquide  Vapeur 

(”C) 

(bar) 

(kg.m"’)  (kgm’) 

Temperature 

Pressure 

Liquid  Gas 

OCI 

2.56 

960  6,066 

15  (•) 

4,20 

930  9,704 

50  (•) 

10,92 

859  24,51 

(•)  equilibre  liquide-vapour 


I  (*}  liquid  gjs  equilibrium 


L 


Figure  d  Electrical  Circuit  Equivalents  Compared 
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Figure  3A  Arrangement  of  System  Components 
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.Figure  b  State  Point  Diagram 


gure  13  Reservoir  Temperature  vs  Peltier  Power  For  THe  U-Prototype 
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Figure  14  Condensor  Power  vs  Peltier  Power 
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Figure  15  Reduced  Evaporator  Temperature 
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Figure  1b  VCHPHX  Equivalent  Circuit  Model 
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Figure  20  Construction  of  Liquid  Reservoirs 
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